The occurrence and biological importance of sialic acid (Sia) and its metabolic enzymes in insects have been studied using Drosophila melanogaster. The most prominent feature of D. melanogaster CMP-Sia synthetase (DmCSS) is its Golgi-localization, contrasted with nuclear localization of vertebrate CSSs. However, it remains unclear if the Golgi-localization is common to other insect CSSs and why it happens. To answer these questions, Aedes aegypti (mosquito) CSS (AaCSS) and Tribolium castaneum (beetle) CSS (TcCSS) were cloned and characterized for their activity and subcellular localization. Our new findings show:
Introduction
The sialic acids (Sias) are a family of nine-carbon sugars with a carboxyl group at C1 position, and are frequently located at the termini of glycan chains. In deuterostomes, including vertebrates, ascidians and echinoderms, a number of studies have demonstrated that Sia shows a large structural diversity, consisting of Neu5Ac, Neu5Gc, Kdn and their modified derivatives, and that Sia plays important roles in fertilization, development, neural and immunological systems (Angata and Varki 2002; Inoue and Kitajima 2006) . In contrast, there is very little knowledge about the occurrence and function of Sia in protostomes, including insects. However, highly sensitive chemical methods using fluorescent labeling-HPLC, GLC-MS and LC-MS and lectin-and immuno-histochemical analyses detected Sia, although at very small levels, in Drosophila melanogaster (fruit fly) (Roth et al. 1992 ; D'Amico and Jacobs 1995; Koles et al. 2007; Aoki et al. 2007 ), Philaenus spumarius (cicada) (Malykh et al. 1999) and Aedes aegypti (mosquito) (Cime-Castillo et al. 2015) . In addition, database searches and the subsequent cDNA cloning demonstrated that the enzyme and transporter genes related with Sia metabolism were expressed in Drosophila, an exception being the gene coding for the bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE) (Koles et al. 2009 ). GNE catalyzes synthesis of the precursor sugar of Neu5Ac, ManNAc 6-phosphate. The Drosophila sialyltransferase (DSiaT) enzyme is expressed in a subset of central nerve system (CNS) neurons to regulate neuronal excitability. In vivo gene inactivation of DSiaT resulted in a decreased life span and impaired neuron-related phenotypes (Repnikova et al. 2010) , suggesting that Sia expression is functionally important in CNS, as it is in mammalian cells.
CMP-Sia synthetase (CSS) is the key biosynthetic enzyme catalyzing synthesis of CMP-Sia, the prerequisite activated donor sugar nucleotide required for synthesis of all Sia-glycoconjugates in various organisms (Kean 1970; Münster-Kühnel et al. 2004; Schauer 2004) . A prominent feature of most vertebrate CSSs is their nuclear localization (Kean 1970; Münster et al. 2002; Kean et al. 2004 ), a feature shown to be functionally important because the mice expressing CSS with an impaired nuclear localization signal (NLS) die within 72 h after birth due to renal failure . In stark contrast to vertebrate CSSs, Drosophila CSS (DmCSS) is localized predominantly in the Golgi (Viswanathan et al. 2006; Islam et al. 2013) . This is the most prominent property of DmCSS, although DmCSS has recently been shown to have distinct pH-and metal ions-dependency than human CSS (Mertsalov et al. 2016) . Expression of DmCSS is tightly regulated in CNS, and in vivo inactivation studies of the CSS gene showed the same neuron-related abnormal phenotypes as that of DSiaT (Islam et al. 2013) . It remains to be determined if the Golgilocalization is functionally important. It also remains unknown which region of the CSS molecule is responsible for the Golgi-localization, although the importance of N-terminal 27-amino-acid region has been suggested (Viswanathan et al. 2006) . Importantly, it is not known if the Golgi-localization is a general feature of insect CSSs, and no information has been provided for other insect CSSs than DmCSS.
The aim of this study was to gain further insight into the unique properties of insect CSSs by comparing the enzymatic activity and subcellular localization of Drosophila melanogaster CSS (DmCSS) with that in Aedes aegypti (yellow fever mosquito) CSS (AaCSS) and Tribolium castaneum (red flour beetle) CSS (TcCSS).
Results

Deduced amino acid sequences for AaCSS, TcCSS and DmCSS
Deduced amino acid sequences based on the cDNAs cloned for Aedes aegypti CSS (AaCSS; Accession XP_001663067), Tribolium castaneum CSS (TcCSS; Accession LC191269; Figure S1 ) and Drosophila melanogaster CSS (DmCSS; Accession NP_001117662), together with those of Mus musculus (mouse) CSS (MmCSS) and Oncorhynchus mykiss (rainbow trout) CSS (OmCSS) are shown in Figure 1 . The insect CSSs share the common structural features that are quite different from vertebrate CSSs. First, insect CSSs consist of approximately 250 amino acid residues (~30 kDa), containing all five evolutionarily conserved motifs that commonly exist among bacterial and animal CSSs (Münster et al. 1998; Nakata et al. 2001) . They show similar sequence identity with the N-terminal 30 kDa-domain of MmCSS, i.e. 40% for AaCSS, 43% for TcCSS and 37% for DmCSS. They lack, however, the additional C-terminal domain (~18 kDa) present in all vertebrate and some bacterial CSSs (Liu and Jin 2004; Münster-Kühnel et al. 2004; Yu et al. 2006) . Thus, the insect CSSs contain only the catalytic domain and lack the additional domain typical of vertebrate CSSs. Second, the insect CSSs contain a hydrophobic decapeptide sequence at their N-terminal region, as previously reported for DmCSS (Viswanathan et al. 2006) . The N-terminal region, including the hydrophobic sequence, appears to function as a secretory signal or as a membrane-spanning sequence (von Heijne and Abrahmsén 1989) . In contrast, the vertebrate CSSs contain a cluster of basic amino acid residues (BC1) that functions as an active NLS (Münster et al. 2002; Tiralongo et al. 2007 ). Third, there are important differences in the BC2 motif in the insect CSSs, compared with vertebrate CSSs. In MmCSS, e.g. the BC2 motif, KRPRR, is responsible for both NLS and enzyme activity (Münster et al. 2002) . In OmCSS, however, the NRPRR motif does not function as a NLS because an essential Lys residue required for NLS is replaced by an Asn residue (Tiralongo et al. 2007 ). Interestingly, the critical amino acid residue in the BC2 motif is Lys in AaCSS, Asn in TcCSS and Ala in DmCSS. The BC2 sequence in AaCSS is the same as a functional NLS motif, while those of TcCSS and DmCSS are not. Therefore, the BC2 sequence is already irrelevant for NLS function in insect, even if translation of the CSS genes originated in cytosol, but not in the ER.
In vivo activity of insect CSSs in mammalian cells
First, we examined if AaCSS, TcCSS and DmCSS have the enzyme activity by in vivo assay method using LEC29.Lec32 cells. These CHO cells contain an impaired CSS, and thus do not express any sialic acid residues, including polysialic acid (polySia), on their cell surface. When an active CSS was expressed in these cells, however, polySia surface expression was recovered. When the myc-tagged AaCSS, TcCSS, DmCSS, or MmCSS was transiently expressed in LEC29.Lec32 cells, a single major band with the expected molecular mass was detected on Western blotting with anti-myc ( Figure 2A ): 34 kDa for AaCSS; 29 kDa for TcCSS; 31 kDa for DmCSS; and 53 kDa for MmCSS. For each transfectant cell, a broad band of immunoreactivity with mAb.12E3 (anti-polySia) was also observed at >250 kDa, as expected for polySia, while mock-transfectant cells showed no staining (Figure 2A ). The intensity of immunostaining of cells expressing AaCSS, TcCSS and DmCSS was clearly greater than the mock-transfectant cells, as was the case with MmCSS-expressing cells (Figure 2A ). Importantly, these results showed that all the insect CSSs tested were functional in LEC29.Lec32 cells. The in vivo CSS activity was calculated by dividing the immunostaining intensity observed with mAb.12E3 by that with anti-myc, i.e. amount of polySia/amount of CSS protein (Figure 2A ). These results clearly show that the enzymatic activity of insect CSSs are active in mammalian cells, although their activities are lower than MmCSS.
In vitro activity of insect CSSs
Host cells for expression In vitro activity of the insect CSSs was measured using cell lysates of LEC29.Lec32 cells expressing each of the myc-tagged CSSs. After incubated at 37°C for 1 h, the reaction mixtures were analyzed for the amount of CSS by Western blotting with anti-myc antibody ( Figure 2B) , and for the units of CSS enzyme activity, as described under Materials and methods. The relative specific activity was expressed as units per amounts of CSS ( Figure 2B ). Similar to MmCSS, all insect CSSs expressed in the mammalian cells had in vitro activity to Neu5Ac, although the activity of MmCSS was considerably greater than that of insect CSSs ( Figure 2B ). In vitro activity of AaCSS was also measured using cell lysates of Drosophila S2 cells transfected with a plasmid encoding the C-terminally V5-tagged AaCSS or those of mock-transfectant cells. A single immunoreactive band was detected at 31 kDa with anti-V5 antibody ( Figure 2C ), and the AaCSS-transfectant cell lysate showed higher activity than that for the mock-transfectant cells (endogenous activity) ( Figure 2C ). These results show that AaCSS expressed in S2 cells also had CSS activity.
In vitro activity of insect CSSs was further measured using the His-tagged AaCSS, TcCSS and DmCSS that were expressed in Escherichia coli. Contrary to the results for mammalian and insect cells, no enzyme activity was detected in any of the bacterially expressed recombinant insect CSSs (data not shown). When subjected to native-PAGE, the recombinant AaCSS expressed in E. coli formed large-sized aggregations (480 to >1048 kDa), while those expressed in LEC29.Lec32 and S2 cells were soluble and smaller-sized complexes: 487 kDa and 644 kDa, respectively ( Figure S2 A, B, and C). Our supposition is that the protein aggregation may be linked to loss of CSS activity, and caused by lack of protein modifications that are necessary for correct protein folding, such as protein N-glycosylation and/or a removal of N-terminal hydrophobic region containing the decapeptide sequence. The potential effects of these modifications on the enzymatic activity are described below.
Potential effect of N-glycosylation on CSS activity In the insect CSSs, a single potential N-glycosylation site is present at N35 for AaCSS, N71 for TcCSS and N66 for DmCSS (Figure 1 ). To determine if N-glycosylation is important for insect CSS activity, glutamine mutants of two insect CSSs, N35Q for AaCSS and N66Q for DmCSS, were expressed in LEC29.Lec32 cells and the CSS activity measured in the in vivo assay. AaCSS-N35Q, DmCSS-N66Q and their wild-type CSSs were expressed in LEC29.Lec32 cells. AaCSS-N35Q and DmCSS-N66Q showed protein bands at 31 kDa and 28 kDa, respectively, which are slightly smaller than those of wildtype CSSs (34 kDa and 31 kDa, respectively). These molecular weight species correspond to the PNGase-treated AaCSS and DmCSS (wt(+)), respectively ( Figure 3A and B) . These results thus show that both AaCSS and DmCSS contain a single N-glycan chain. In contrast, and consistent with the fact there is no glycosylation site (Münster et al. 2002; Tiralongo et al. 2007 ) are squared. The evolutionarily conserved amino acid sequence motifs are doubly underlined. Accession: XP_001663067 for AaCSS; LC_191269 for TcCSS; NP_001117662 for DmCSS; NP_034038 for MmCSS; and NP_001117662.1 for OmCSS.
in MmCSS, the size of MmCSS (53 kDa) remained unchanged after PNGase digestion ( Figure 3C ). The in vivo activity of AaCSS-N35Q and DmCSS-N66Q was also measured using LEC29.Lec32 cells ( Figure 3D) , and both were shown to have in vivo activity ( Figure 3D ). On the basis of these results, we conclude that N-glycosylation does not appear to be a critical factor for insect CSS enzyme activity or protein folding.
Role of the N-terminal hydrophobic region for CSS enzyme activity Insect CSSs contain a N-terminal hydrophobic core region consisting of 8-11 serial hydrophobic amino acid residues ( Figure 4A ). The SignalP prediction program predicted a signal peptide in the N-terminal sequences ( Figure S3 ). AaCSS, TcCSS and DmCSS all contained a predicted signal peptide with a cleaving amino acid residue F18, C18, and T22, respectively ( Figure 4A ). Therefore, a potential signal peptide-deleted AaCSS (ΔN-AaCSS) was expressed in E. coli, and the recombinant protein was applied to both native and SDS-PAGE. A monomer of ΔN-AaCSS was estimated to be 47 kDa by SDS-PAGE ( Figure 4B ). Interestingly, on the native PAGE, ΔN-AaCSS gave a single band at 517 kDa, but not a smear in the high-molecular mass region ( Figure S2 D) . Furthermore, ΔN-AaCSS showed in vitro activity to Neu5Ac and its specific enzyme activity was as high as that of MmCSS ( Figure 4C ). These results thus show that cleavage of the N-terminal hydrophobic region of the CSSs is critical for the enzyme activity.
Intracellular localization of AaCSS, TcCSS and DmCSS
It has been reported that, unlike vertebrate CSSs, which are exclusively localized in the nucleus (Münster et al. 2002; Tiralongo et al. 2007) , DmCSS is localized in Golgi in Drosophila neurons (Islam et al. 2013) , and in lepidopteran Sf-9 and mammalian COS-7 cells that are transfected with the DmCSS cDNA (Viswanathan et al. 2006 ). Golgi localization of DmCSS is thus a unique feature among the family of CSS enzymes. However, it is still not clear if Golgi-localization is a common feature with other insect CSSs or unique to DmCSS. To answer this question, subcellular localization studies were carried out with AaCSS and TcCSS.
When the recombinant DmCSS with a C-terminal myc-tag was expressed in CHO cells, co-immunostaining of the myc-tagged DmCSS with GM130, a Golgi-marker, as well as with the KDEL motif, an ER marker, was observed ( Figure 5 ). DmCSS is thus suggested to be localized in both the Golgi and ER. Quantitative results of these findings are described below (Figure 9 ). To the contrary, the myc-tagged AaCSS and TcCSS were mainly co-immunostained with the KDEL motif, but not with GM130 ( Figure 5 ), suggesting that two other insect CSSs are mainly localized in the ER. These results are consistent with the finding that the insect CSSs contain N-glycan chains (Figure 3 ). To determine if the subcellular localization features of AaCSS and TcCSS were distinct from DmCSS and unique to mammalian host cells, we also expressed recombinant insect CSSs with a C-terminal V5-tag in Drosophila S2 cells (Figure 6 ). The V5-tagged DmCSS co-immunostained with the Drosophila-specific GM130 and the KDEL motif, while the V5-tagged AaCSS and TcCSS were co-immunostained with the KDEL motif. These results indicate that the intracellular localization of insect CSSs was the same between insect and mammalian cells. Collectively, the intracellular localization of insect CSSs differs from species to species, although clearly involving the ER-Golgi axis of pathway.
Subcellular fractionation of AaCSS and TcCSS, and DmCSS
If the insect CSSs are localized in ER and/or the Golgi, their translation has to be completed at the luminal side of ER, and the insect CSSs should be expressed as either soluble or membrane-bound proteins. To clarify if the insect CSSs were expressed as a soluble or a membranebound form, the soluble and membrane fractions were prepared from CHO cells expressing the myc-tagged AaCSS, TcCSS or DmCSS, and examined by Western blotting with anti-myc antibody ( Figure 7A ). AaCSS and TcCSS were only detected in the soluble fraction, and their molecular masses were 34 and 29 kDa, respectively. In contrast, DmCSS was detected both in the soluble and membrane fractions with a proportion of 40% and 60%, respectively ( Figure 7B ). The molecular masses were 31 kDa for the soluble fraction and 31, 29 and 25 kDa for the membrane fraction. The 29-and 25-kDa components may be degradation products during preparation, because they did not reproducibly appear. Under the preparation conditions used, both soluble and membrane fractions were properly prepared, because the exogenously expressed V5-tagged ST8SIA 4, which is a type II membrane protein (Close and Colley 1998) , was detected only in the membrane, and not in soluble fraction. Further, GAPDH was only detected in the soluble, but not in the membrane fractions ( Figure 7A ). These results show that the mechanisms for protein processing for AaCSS and TcCSS are different from DmCSS, since no membrane-bound form for AaCSS and TcCSS was found. It is thus suggested that AaCSS and TcCSS become soluble because their N-terminal hydrophobic regions are removed in the ER as the signal peptide ( Figure S3 ). In contrast, 60% of DmCSS became membrane-bound by being anchored through the N-terminal hydrophobic region without cleavage, while 40% DmCSS became soluble ( Figure S3 ). However, it remains unknown why and how 40% of DmCSS were expressed in a soluble form. It should be noted that a soluble form of DmCSS at 31 kDa was not smaller than the membrane-bound form by an N-terminal hydrophobic region that had to be cleaved before secretion ( Figure 7A ). This may be because further processing of N-glycan, such as sialylation, in the secreted form in CHO cells increases its size up to 31 kDa.
As described above, AaCSS, TcCSS and DmCSS are destined to the ER-Golgi axis pathway (Figure 6 ). ER-or Golgi-destined proteins usually contain retention signal sequences, e.g. an ER retention sequence, KDEL for soluble ER-protein (Pelham 1990 ). However, no such retention signal was found in these insect CSSs, and the possibility thus exists that these enzymes are also destined to secretory pathway. To examine if the insect CSSs were secreted in the culture media, the recombinant C-terminally myc-and V5-tagged AaCSS, TcCSS and DmCSS were expressed in CHO and S2 cells, respectively and their media and whole cells were collected at 48 h post-transfection for quantitation of the CSS enzyme amount (Figure 8A and B) . Surprisingly, the level of DmCSS in the media was 8.0-and 5.5-fold higher than those in the whole cells for both CHO and S2 cells, respectively ( Figure 8A and B, right panels). In contrast to DmCSS, AaCSS and TcCSS were exclusively detected in the intact cells without secretion when expressed in S2 cells, while comparable amounts of the enzymes were detected in the media and the whole cells for AaCSS and TcCSS, when expressed in CHO cells, the proportion of the amount in the media to that in the whole cells being 1.0 and 0.70, respectively ( Figure 8A and B, right panels).
Roles of the N-terminal hydrophobic regions of DmCSS
When the N-terminal peptide sequences of three insect CSSs were carefully compared ( Figure 4A ), a tripeptide KLK, which can be an ER export motif, et al. 2015) , was found immediately before the hydrophobic undecapeptide in DmCSS, but not in the two other CSSs. To determine if the tripeptide was important for the Golgi localization of DmCSS, we carried out the following pointmutation experiments. The K3A/K5A mutant of DmCSS (anti-myc) was co-immunostained with the KDEL motif (anti-KDEL), but not with G130 (anti-GM130) ( Figure 9A ). The proportion of the number of cells with ER-, ER/Golgi-and Golgi-localized CSS ( Figure 9B ) were 8%, 31% and 61% for Wt DmCSS and 67%, 27% and 6% for K3A/K5A DmCSS. These findings thus show that the mutation in KLK sequence greatly changes the localization from Golgi to ER, and indicate that the tripeptide KLK in DmCSS is functional as an ER export motif.
Discussion
In this study, the enzymatic properties of newly cloned insect CSSs from mosquito (AaCSS) and beetle (TcCSS), are compared with that of Drosophila DmCSS. All three insect CSSs share the common overall protein structure that included evolutionarily conserved motifs that are present in the N-terminal 30 kDa domain of vertebrate CSSs, the absence of the C-terminal domain typical to vertebrate CSSs, and the presence of a N-glycan chain. They are functional enzymes, consistent with the fact that mammalian CSSs can exhibit enzyme activity without the C-terminal domain (Oschlies et al. 2009 ). All three CSSs show in vivo and in vitro activities when expressed in mammalian and insect cells, while the bacterially expressed insect CSSs exhibit the enzyme activity only when the N-terminal hydrophobic region is deleted. Without removal, the N-terminal hydrophobic region induces aggregation in E. coli, possibly due to impaired protein folding ( Figure S2 ). Therefore, in vivo, this hydrophobic region has to be processed to be properly assembled in the membrane in insect and mammalian cells. As discussed below, the N-terminal hydrophobic region of AaCSS and TcCSS is removed as a signal peptide in the ER, while that of DmCSS is used as a transmembrane domain to present the catalytic domain in the ER and lumen of the Golgi. Notably, the specific activity of the enzyme for Neu5Ac appears to be comparable between MmCSS and ΔN-AaCSS, in which the N-terminal hydrophobic region is deleted (Figure 4) , suggesting that insect CSSs have similar catalytic efficiency to mammalian CSSs.
Previous studies show that the DmCSS was localized in Golgi when expressed in mammalian and insect cells (Viswanathan et al. 2006; Islam et al. 2013) . However, our results show that DmCSS is predominantly secreted into the medium (Figure 8 ), while a smaller Nucleus was visualized with DAPI (blue). Golgi apparatus and ER were stained with mAb. anti-GM130 and mAb. anti-KDEL, respectively, followed by incubation with Alexa 555-conjugated anti-rabbit IgG (red). All the specimens were observed under the confocal microscopy. The bars indicate 20 μm. This figure is available in black and white in print and in color at Glycobiology online. Fig. 6 . Intracellular localization of insect CSSs in Drosophila S2 cell. S2 cells were transfected with pMT/BiP/V5 plasmids encoding C-terminally V5-tagged AaCSS, TcCSS and DmCSS cDNAs. The V5-tagged CSS was detected by immunostaining with anti-V5 and Alexa 555-conjugated anti-goat IgG (red). Nucleus was visualized with DAPI (blue). Golgi apparatus was stained with mAb. anti-GM130 and Alexa 647-conjugated anti-rabbit IgG (yellow). ER was stained with mAb. anti-KDEL and Alexa 488-conjugated anti-mouse IgG (green). All the specimens were observed under the confocal microscopy. The bars indicate 10 μm. This figure is available in black and white in print and in color at Glycobiology online. population of DmCSS is localized in the Golgi and ER. This is an unexpected finding. Another unexpected observation is that AaCSS and TcCSS are predominantly localized in the ER (Figures 5 and 6 ), but not in Golgi or the extracellular space in Drosophila S2 cells. When AaCSS and TcCSS are expressed in CHO cells, the secreted and the ER-resident forms are of comparable levels (Figure 8 ). Despite subtle differences in the host cell-dependency, there are clear differences in enzyme destination between AaCSS/TcCSS and DmCSS. These results indicate that insect CSSs are not always localized in the Golgi, and that the ER-and extracellular localization can also be the case, depending on insect species. This important finding has not been previously published. Since the sorting mechanisms of insect CSSs does not depend on the host cells ( Figures 5, 6 and 8) , the difference in subcellular localization likely arises from sorting signals on the insect CSSs.
It is evident from these studies that the N-terminal hydrophobic region plays a critical role in intracellular sorting of insect CSSs. AaCSS and TcCSS are an ER-resident, glycosylated and soluble enzyme. In the sorting of the soluble protein to ER, its N-terminal hydrophobic region may function as a signal peptide (Kreil 1981; Briggs and Giersch 1984; Gierasch 1989) that is recognized by the signal recognition particle (Akopian et al. 2013) . In addition, an ER retention signal should exist on the enzymes, however, no known signals have been discovered to date. In contrast, of the intracellular DmCSS, 40% and 60% are expressed as soluble and membranebound forms, respectively. These results suggest that 40% of the intracellular DmCSS, like AaCSS and TcCSS, become ER-resident soluble enzymes after processing of the N-terminal hydrophobic region as a signal peptide and glycosylation. On the other hand, the remaining 60% of the intracellular DmCSS are first expressed as a type II transmembrane protein in the ER, using the N-terminal hydrophobic region as a membrane anchor, then glycosylated, before final transport to the Golgi, probably through a COPII coat machinery. In fact, a tripeptide KLK, which can function as an ER export signal recognized by Sar1 (Giraudo and Maccioni 2003) , is only present in the cytosolic domain of the DmCSS. No such sequence is present in AaCSS or TcCSS (Figure 4 ). Our alaninemutation studies indicate the importance of the KLK tripeptide in the transport of DmCSS to Golgi. Most prominently, 85% of DmCSS are secreted into the extracellular space, although 15% of DmCSS are intracellular and localized in Golgi and ER. Since AaCSS and TcCSS are not secreted into the medium in Drosophila S2 cells (Figure 8B ), the extracellular DmCSS may not originated from the ER-resident soluble enzyme. Rather, it may be derived from the Golgi-localized, membrane-bound DmCSS, probably after being released from the membrane via proteolytic cleavage (Kitazume et al. 2001) . Further studies will be necessary to understand how the extracellular CSS is produced. It should be noted that the Drosophila sialyltransferase (DmST) is, at least in part, secreted into medium when expressed in Drosophila S2 cell (Koles et al. 2004) . Therefore, DmST and DmCSS are possibly co-localized in the extracellular space, e.g. on the cell surface, and may be involved in extracellular sialylation reaction once sialic acid and CTP are provided. Co-operation of sialyltransferases with CSS in the extracellular space would shed light on new extracellular sialylation-related phenomena. In this regard, secreted sialytransferases or ectosialyltransferases on plasma membrane are reported to occur in human blood circulation (Lee-Sundlov et al. 2016) , human B lymphocytes (Gross et al. 1996) and CHO-K1 cell (Vilcaes et al. 2011) . Still many questions remain regarding the subcellular localization of CSS in insects, and it would be interesting to examine the effects of ectopic expression of CSSs in insect cells.
In our in vivo enzyme activity assay, the Golgi/ER-resident DmCSS and the ER-resident AaCSS and TcCSS can rescue a cell surface polySia-negative phenotype of the CSS-deficient (LEC29.Lec32) cells (Figure 2 ), indicating that insect CSSs are co-localized with their substrates, sialic acid and CTP, in ER or Golgi. This finding suggests that transporters of the substrates from cytosol to ER or Golgi are expressed in Lec29Lec32 cells. Although still unknown, the occurrence of potential sialic acid transporters have already been discussed in insect by structural analogy with a bacterial sialic acid transporter (Vimr et al. 2004; Viswanathan et al. 2006 ) and with sialin homologs (Laridon et al. 2008; Koles et al. 2009 ). It would therefore be productive to search for ER-and/or Golgi-localized sialic acid transporters in insect and mammalian cells. Nuclear localization is the most prominent features of most vertebrate CSSs (Kean 1970; Kean et al. 2004; Münster et al. 2002) , and the NLSs in N-terminal and internal basic amino acids (BC) are responsible for targeting to nucleus in OmCSS (Tiralongo et al. 2007 ) and MmCSS (Münster et al. 2002) . In zebrafish Danio rerio, there are two types of CSS whose intracellular localizations are different: one is destined to nucleus and the other to cytosol. Both zebrafish CSSs are functional in vivo and in vitro, although their substrate specificity are different, and apparently the intracellular localization of CSS does not significantly affect cell surface sialylation ). Collectively, mammalian cells Fig. 7 . Insect species-dependent expression of CSSs in soluble and membrane-bound forms. CHO cells were transfected with pcDNA4 plasmids encoding C-terminally myc-tagged AaCSS, TcCSS and DmCSS cDNAs. The membrane and soluble fractions were prepared from cell lysates, and subjected to Western blotting with anti-myc (mAb.10E9) as primary antibody (IB: Anti-myc). GAPDH, a maker for soluble fraction, was detected in the soluble (IB: GAPDH), but not membrane fractions (data not shown), on Western blotting with mAb. anti-GAPDH. To qualify preparation procedure of the membrane fraction, V5-tagged ST8SIA 4, a marker for membrane fraction, was detected in the membrane fraction (anti-V5), but not in the soluble fraction, from ST8SIA 4-expressing Neuro2A cells, on Western blotting with anti-V5.
seem capable of sending CMP-sialic acid to Golgi, where sialylation occurs, irrespective of the initial localization of CSS in nucleus, cytosol, ER or Golgi.
Materials and methods
Materials
The cDNA for DmCSS, which had been prepared and cloned into the plasmid pBluescript KS+DmCSAS-3FLAG, as previously described (Islam et al. 2013) , was kindly gifted from Dr Vladislav M. Panin (Texas A&M University, USA). The cDNAs for AaCSS were prepared and cloned into the plasmids pFlag-CMV10AedesCSS and pFlag-CMV10AedesCSS, as described previously (Cime-Castillo et al. 2015) . The cDNA for MmCSS was prepared and cloned into the plasmid pcDNA3, as described ).
Computational analysis for DNA and protein sequences
Homology searches were carried out at National Center for Biotechnology Information. For multiple alignments, Windows GENETYX Ver.11 was used. Prediction of the presence and location of signal peptide cleavage sites was carried out on the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) (Petersen et al. 2011) .
PCR cloning of TcCSS
According to Tribolium CMP-Neu5Ac synthetase (TcCSS) cDNA sequence, the following oligonucleotide primers were used for the polymerase chain reaction (PCR) cloning: tcCSS-s (5′-ATGTCG AATCCCCTAAATTA-3′), tcCSS-as (5′-AGTCCCGGCACTCAAA TCTGTC-3′). After total RNA was extracted from 11 mg of adult Tribolium, cDNA was synthesized using random hexamer primer. Reaction mixture (25 μL) contained 1 μL of cDNA and primers, buffer, dNTPs and 0.625 units of pyrobest polymerase (TaKaRa) as described previously ). Twenty five cycles were carried out using the following cycle settings: 94°C for 1 min, 50°C for 30 s and 72°C for 1.5 min. The 690 bp product was subcloned into pGEM-T Easy vector (Promega, Madison, WI). Amplification of 5′-end of the cDNA fragment was performed using mRNA fraction, which was extracted from adult Tribolium, by reverse transcriptase-PCR (RT-PCR) using the oligo-dG adapter primer (5′-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3′) and 5′GSP2 primer (5′-CCGTTGAAAAATTTAGCTAAACTAA-3′) under PCR conditions: Ex taq polymerase (TaKaRa), 0.625 units; 30 cycles; 94°C for 1 min, 50°C for 30 s and 72°C for 2 min. The cDNA encoding the full length TcCSS were amplified by PCR using the sense and antisense primers: 5′-ATGAATCATGTTTTCGTCTT ATTCCTT-3′ and 5′-TCATGTTAGCTGGACGAGGGCTTTTGC-3′ and cloned into pGEM-T Easy vector.
Expression plasmids
Plasmids for E. coli cell expression of AaCSS, TcCSS, DmCSS and ΔN-AaCSS (without peptide signal sequence) with N-terminal TrxTag, His-Tag and S-Tag were generated using pET32a vector (Invitrogen). Sense and antisense oligonucleotides (Table S1 ) were used to subclone AaCSS and ΔN-AaCSS cDNAs into EcoRI and XhoI restriction sites; TcCSS cDNA was subcloned into KpnI and XhoI restriction sites; DmCSS cDNA was subcloned into KpnI and HindIII restriction sites. DNA Ligation Kit (Ligation high Ver. 2; ToYoBo, Japan) was used for the ligation step. Plasmids for mammalian cell expression of AaCSS, TcCSS, DmCSS and MmCSS with C-terminal myc-and His-tag were generated using pcDNA TM 4/myc-His A vector (Invitrogen). Sense and antisense oligonucleotides (Table S1) were used to subclone AaCSS cDNA into EcoRI and Xhol restriction sites; TcCSS and DmCSS DNAs were subcloned into KpnI and XbalI restriction sites; MmCSS cDNA was subcloned into BamHI and XbalI restriction sites. DNA Ligation was performed using DNA Ligation Kit (Ligation high Ver. 2, ToYoBo, Japan). Plasmids for Drosophila S2 cell expression of AaCSS, TcCSS and DmCSS Cterminally fused with V5-and His-tag were generated using pMT/ BiP/V5-His A vector (Invitrogen). Firstly, the BiP signal sequence was removed from pMT/BiP/V5-His A vector by site-directed mutant using the primers: 5′-AGATCTCCATGGCCCGGGGTACC TACTAGT-3′ and 5′-ATTGAGATCGGATCCCCCCTTTAGTTGC AC-3′. Sense and antisense oligonucleotides (Table S1 ) were used to subclone AaCSS cDNA into EcoRI and Xhol restriction sites of pMT/V5-His A vector; TcCSS and DmCSS cDNAs into KpnI and XbalI restriction sites of pMT/V5-His A vector. The integrities of all plasmids were confirmed by nucleotide sequencing.
Construction of mutant plasmids
Site-directed mutations were carried out using KOD-Plus-Neo polymerase (TOYOBO, Japan). Mutation primers were designed to replace asparagine by glutamine, and lysine by alanine. Primers used for the mutation are shown in Table S2 . The integrity of mutant plasmids was confirmed by automated sequencing.
Cell culture
Chinese hamster ovary (CHO) cell line and its doubly mutated cell line, LEC29.Lec32 (Potvin et al. 1995) , which lacks an active CSS, were obtained from Prof. Rita Gerardy-Schahn (Medizinische Hochschule Hannover, Germany). Cells were cultured in α-MEM (Wako, Japan) with 5% CO 2 atmosphere at 37°C. LEC29.Lec32 cells do not express sialic acid residues, including polysialic acid (polySia), on their cell surface. However, revertants to the normal type for polySia surface expression are known to arise during passages of cultured cells due to leakiness in expression of the CSS enzyme activity (Münster et al. 2002) . Therefore, before use, panning procedures (see below) were applied using anti-polySia antibody, mAb.12E3 (Seki and Arai 1991; Sato et al. 1995) , to select the polySia-negative cells. Drosophila S2 cells were obtained from Dr. Tetsuya Okajima (Nagoya University, Japan), and maintained in Schneider's Drosophila Medium (Life Technologies) at 28°C without CO 2 . All media contained 100 units/mL penicillin G, 0.1 g/mL streptolysin and 10% fetal bovine serum (FBS).
Immunoselection of the polySia-negative cells by panning LEC29.Lec32 cells were cultured in 90 mm dish until the cells were 80% confluent. Cells were then collected using a scraper and washed by centrifugation and suspension with PBS-EN-BSA solution (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 0.02% sodium azide and 1% BSA). After cells were incubated with 20 μg/mL of the anti-polySia antibody,12E3, for 1 h, they were washed with PBS-EN-BSA solution three times, followed by incubation in 50 μg/mL mouse IgM antibody-treated dish for 1.5 h. The cells that remained suspended in the medium in the dish were collected and cultured in a six-well plate for transfection. Unless otherwise stated, the immunoselected LEC29Lec32 cells were used for transfection experiments. 
Expression of insect CSSs
LEC29.Lec32 cells (1 × 10 5 cells/well) in a six-well plate were transfected with 2.5 μg of the expression plasmids, pcDNA4-AaCSS, pcDNA4-TcCSS, or pcDNA4-DmCSS, which were purified by Genopure plasmid maxi kit (Roche applied science), using Lipofectamine ® LTX Reagent (Invitrogen). After 48 h post-transfection, cells were washed three times with PBS and suspended in lysis buffer, which contained 1% Trion X-100, 1 mM phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin, 1 μg/mL leupeptin, 1 μg/mL pepstatin and 1 mM EDTA. Cell lysates were kept on ice for 1 h, and centrifuged 10,000 × g for 15 min to remove pellets. Drosophila S2 cells (1 × 10 6 cells/well) in a six-well plate were transfected with 3 μg of each of expression plasmids, pMT-AaCSS, pMT-TcCSS or pMT-DmCSS, using Cellfectin ® II Reagent (Invitrogen). After 48 h post-transfection, cell lysates were prepared as described above. E. coli strain BL21 (DE3) pLysS cell were transformed with each of the expression plasmids, pET32a-AaCSS, pET32a-TcCSS or pET32a-DmCSS, as previously described (Nakata et al. 2001) . The transformed cells were cultured in 5 mL medium at 15°C for 4 h in the presence of 0.4 mM isopropyl-1-thio-β-D-galactopyranoside. Bacterial cells were harvested and suspended in 450 μL of 50 mM Tris-HCl (pH 8.0). The suspension was sonically disrupted and centrifuged at 16,000 × g for 5 min to obtain cell lysate. All the cell lysates thus obtained from mammalian, insect, or bacterial cells were used for SDS-PAGE or native PAGE-Western blotting, and for the enzyme assay.
Assay for CMP-sialic acid synthetase activity
In vivo activity: Myc-tagged MmCSS, AaCSS, TcCSS and DmCSS were transiently expressed in the polySia-negative LEC29.Lec32 cells, which were devoid of endogenous CSS activity. Cell lysates of these transfectant cells and mock-transfectant cells with pcDNA4 empty plasmid (mock) were prepared as described above, and analyzed by Western blotting using anti-polySia antibody 12E3 (IB: 12E3; 7.5% polyacrylamide gel) and anti-myc mAb.10E9 (IB: anti-myc; 10% polyacrylamide gel) for the intensity of immunostainings for polySia and enzymes, respectively. For the SDS-PAGE/Western blotting, pig embryonic brain homogenate (Sato et al. 2000) and myc-tagged MmCSS (Fujita et al. 2005) were used as the controls to make sure the linearity of the intensity of immunostainings for polySia and enzymes, respectively. The in vivo activity was obtained by dividing the immunostaining intensity of polySia by that of each enzyme. In vitro activity: Insect CSSs and MmCSS were expressed in LEC29.Lec32, Drosophila S2 and E. coli cells, and their cell lysates were prepared as described above. To 100 μL of the substrate mixture containing 0.2 M Tris, 0.2 mM dithiothreitiol, 20 mM MgCl 2 , 5.5 mM CTP and 2.8 mM Neu5Ac, 40 μL of each cell lysate were added and incubated at 37°C for 60 min. The reaction mixture was subjected to 70% ethanol precipitation to remove proteins, and the supernatant was applied to a high-performance liquid chromatography (HPLC) to quantitate the level of CMP-Sia synthesized on a JASCO HPLC system using a resource Q column. The column was eluted with a linear gradient of 0-2 M NaCl in Tris-HCl buffer (pH 8.0). CMP-Neu5Ac, which was eluted at 10 min, was quantified by the DMB derivatization method (Sato et al. 1998) . The cell lysates were also analyzed by Western blotting with anti-myc antibody (mAb.10E9). The relative in vitro activity is reported as the amount of CMP-Neu5Ac divided by the intensity of anti-Myc immunostaining.
Immunoprecipitation studies for purification of the CSSs
For purifying C-terminally myc-tagged or V5-and His-tagged insect CSSs from the corresponding transfectant CHO or Drosophila S2 cells, respectively, and the culture media, an immunoprecipitation procedure was carried out. Cell lysates, prepared as described above, and culture media were centrifuged at 4°C at 2000 × g for 10 min to remove pellets. For CHO cells, 80 μL of 1:1 suspension of protein G-Sepharose were pretreated with 30 μg of anti-Myc mAb 9E10 at 4°C for 1 h, followed by washing three times with PBS. The resins were mixed with 1 mL of cell lysate (150 μL of cell lysate mixed with 850 μL of PBS) or 2 mL of culture media and incubated at 4°C for 20 h. The resins were washed three times with PBS and subjected to SDS-PAGE/Western blotting. For S2 cell, 200 μL of 1:1 suspension of Ni-agarose gels, which were equilibrated with 10 mM imidazole in PBS, were incubated 1 mL of cell lysate (150 μL of cell lysate mixed with 850 μL of PBS) or 2 mL of culture media at 4°C for 20 h. The incubated gels were washed two times with 10 mM imidazole in PBS, and treated with 200 mM imidazole in PBS to obtain the supernatant. The supernatant fractions were concentrated 10 times by Vivaspin20 centrifugal concentrator (MWCO 10,000 Da), and subjected to SDS-PAGE/Western blotting.
Preparation of membrane and soluble fractions from insect CSSs-transfected CHO cells CHO cells were transfected with pcDNA4-AaCSS, pcDNA4-TcCSS or pcDNA4-DmCSS as described above. After 48 h post-transfection, the cells were washed three times with ice-cold PBS, suspended in 500 μL of buffer A (50 mM Tris-HCl, pH7.5, 150 mM NaCl, 10% glycerol, 4 M urea, 1 mM phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin, 1 μg/mL leupeptin and 1 μg/mL pepstatin), and lysed by sonication. After centrifugation at 4°C at 1000 × g for 5 min to remove pellets, the supernatant was centrifuged at 4°C at 100,000 × g for 1 h. The resultant supernatant and precipitated fractions were analyzed as the "soluble" and "membrane fractions", respectively.
Native-and SDS-PAGE
Each cell lysate was denatured with 2.5% (v/v) β-mercaptoethanol at 60°C for 20 min for detection of polySia (Sumida et al. 2015) and at 100°C for 3 min for detection of the insect CSS. The resultant samples were electrophoresed on native-PAGE or SDS-PAGE after treatment with Laemmli's sample buffer, followed by blotting onto PVDF membranes using a semidry blotting apparatus (Sumida et al. 2015) . The blotted membranes were blocked with 1% BSA (GE Healthcare) or 2.5% skin milk in PBST, and immunodetection was performed (Nakata et al. 2001; Sumida et al. 2015) using primary antibodies (mAb.12E3 for polySia; anti-myc for myc tag; anti-V5 for V5 tag; 4°C, overnight) and secondary antibodies (peroxidase-conjugated anti-mouse IgG (Sigma; 1:4000 dilution); anti-rabbit IgG (Invitrogen; 1:4000 dilution); at 37°C, 1 h). Chemiluminescent reagents (GE Healthcare) were used for visualization of the blotted components.
Immunolocalization experiments
CHO cells were transfected with pcDNA4-AaCSS, pcDNA4-TcCSS, pcDNA4-DmCSS and pcDNA4-empty vector, and cultured on a cover glass in six-well plates. All cells were then fixed with 4% paraformaldehyde in PBS for 8 min and permeabilized with 0.2% Triton X-100 in PBS for 15 min. Cells were blocked with 2% BSA in PBS for 1 h. The myc-tagged CSS was detected by incubation with anti-myc mAb.9E10 (1:500 dilution) at 37°C for 1 h and with Alexa 488-conjugated anti-mouse IgG (Invitrogen, 1:1000 dilution in PBS) at room temperature for 30 min. Golgi apparatus and ER were stained at 37°C for 1 h with mAb. anti-GM130 (Abcam) and mAb.
